Lobeline, a nicotinic receptor antagonist and neurotransmitter transporter inhibitor, is a candidate pharmacotherapy for methamphetamine abuse. meso-Transdiene (MTD), a lobeline analog, lacks nicotinic receptor affinity, retains affinity for vesicular monoamine transporter 2 (VMAT2), and, surprisingly, has enhanced affinity for dopamine (DA) and serotonin transporters [DA transporter (DAT) and serotonin transporter (SERT), respectively]. In the current study, MTD was evaluated for its ability to decrease methamphetamine self-administration in rats relative to food-maintained responding. MTD specifically decreased methamphetamine self-administration, extending our previous work. Classical structure-activity relationships revealed that more conformationally restricted MTD analogs enhanced VMAT2 selectivity and drug likeness, whereas affinity at the dihydrotetrabenazine binding and DA uptake sites on VMAT2 was not altered. Generally, MTD analogs exhibited 50-to 1000-fold lower affinity for DAT and were equipotent or had 10-fold higher affinity for SERT, compared with MTD. Representative analogs from the series potently and competitively inhibited [
Introduction
Methamphetamine abuse is a serious public health concern (Substance Abuse and Mental Health Services Administration, Office of Applied Studies, 2008) . Pharmacotherapies are not available to treat methamphetamine abuse.
Efforts have focused on the dopamine (DA) transporter (DAT) as a therapeutic target (Dar et al., 2005; Howell et al., 2007; Tanda et al., 2009) , because methamphetamine interacts with DAT to increase extracellular DA concentrations, leading to its reinforcing properties (Wise and Bozarth, 1987; Di Chiara and Imperato, 1988; Di Chiara et al., 2004) . DAT translocates DA from the extracellular space into presynaptic terminals, whereas methamphetamine reverses DAT translocation to increase DA extracellularly (Fischer and Cho, 1979; Liang and Rutledge, 1982; Sulzer et al., 1995) . The above approach has not led to therapeutic agents for methamphetamine abuse, although several DAT inhibitors currently are undergoing clinical trials.
A largely unexplored target of methamphetamine action is vesicular monoamine transporter 2 (VMAT2). By interacting with VMAT2, methamphetamine increases cytosolic DA concentrations available for translocation by DAT to the extra-cellular compartment (Sulzer and Rayport, 1990; Pifl et al., 1995; Sulzer et al., 1995) . Current research focuses on the discovery of novel compounds that interact with VMAT2 and inhibit the pharmacological effects of methamphetamine. Lobeline, the major alkaloid of Lobelia inflata, inhibits VMAT2 function (Teng et al., 1997 (Teng et al., , 1998 , has high affinity for [ 3 H]dihydrotetrabenazine (DTBZ) binding sites on VMAT2 (Kilbourn et al., 1995; Miller et al., 2004) , and decreases amphetamine-evoked DA release from rat striatal slices (Miller et al., 2001) . However, lobeline is not selective for VMAT2, acting as a nicotinic acetylcholine receptor (nAChR) antagonist with low affinity for DAT and the serotonin transporter (SERT) (Damaj et al., 1997; Flammia et al., 1999; Miller et al., 2000 Miller et al., , 2004 . Lobeline also decreases methamphetamineinduced hyperactivity, behavioral sensitization, and self-administration in rats (Harrod et al., 2001; Miller et al., 2001) . It is noteworthy that lobeline is not self-administered, indicating lack of abuse liability (Harrod et al., 2003) . Based on these preclinical findings, lobeline is being evaluated as a treatment for methamphetamine abuse. Initial-phase clinical trials report that lobeline is safe in methamphetamine addicts (http://www.clinicaltrials.gov/ct2/show/NCT00439504? termϭNCT00439504&rankϭ1).
Lobeline has a central piperidine ring with phenyl rings attached at C-2 and C-6 of the piperidine ring by ethylene linkers containing hydroxyl and keto functionalities at the C8 and C10 positions on the linkers, respectively (Fig. 1 ). Potency and selectivity for VMAT2 were improved based on structure-activity relationships (SARs), with the emergence of two new lead compounds, i.e., lobelane and meso-transdiene (MTD) (Zheng et al., 2005; Nickell et al., 2010a) . Lobelane is a lobeline analog with defunctionalized (hydroxyl and keto groups of lobeline eliminated from the linkers) and saturated linkers. Subsequent reports described the preclinical evaluation of lobelane as well as analogs based on the lobelane structural scaffold (Beckmann et al., 2010; Nickell et al., 2010b) . MTD is a lobeline analog with defunctionalized and unsaturated (double bonds) linkers (Fig. 1) . Compared with lobeline, MTD was found to exhibit similar affinity for the [ 3 H]DTBZ binding site on VMAT2 and decreased affinity for nAChRs, thus revealing increased selectivity for VMAT2 (Zheng et al., 2005) . In addition, MTD inhibited methamphetamine-evoked DA overflow from rat striatal slices (Nickell et al., 2010a) . However, MTD exhibited high affinity for DAT (Miller et al., 2004) , which has been associated with the potential for abuse liability. Furthermore, MTD has limited solubility, diminishing its potential for development as a pharmacotherapy for methamphetamine abuse.
To extend the previous work, the current study determined whether MTD decreases methamphetamine self-administration in rats. The current SAR also identified analogs based on the MTD scaffold that potently and selectively inhibit VMAT2 function and had both low affinity for DAT and increased water solubility compared with MTD. These analogs were designed as more rigid, conformationally restricted ABBREVIATIONS: DA, dopamine; DAT, DA transporter; 5-HT, 5-hydroxytryptamine (serotonin); ANOVA, analysis of variance; DOPAC, dihydroxyphenylacetic acid; DTBZ, dihydrotetrabenazine; GBR 12909, 1-(2-(bis-(4-fluorophenyl)methoxy)ethyl)-4-(3-phenylpropyl)-piperazine; MLA, methyllycaconitine; MTD, meso-transdiene; nAChR, nicotinic acetylcholine receptor; PEI, polyethyleneimine; Ro-4-1284, (2R,3S,11bS)-2-ethyl-3-isobutyl-9,10-dimethoxy-2,2,4,6,7,11b-hexahydro-1H-pyrido[2,1-a] isoquinolin-2-ol; SAR, structure-activity relationship; SERT, serotonin transporter; UKMH-101, (3Z,5E)-3,5-dibenzylidene-1-methylpiperidine; UKMH-102, (3Z,5Z)-3,5-dibenzylidene-1-methylpiperidine; UKMH-103, (3Z,5E)-1-methyl-3,5-bis((E)-3-phenylallylidene)piperidine; UKMH-104, (3Z,5Z)-1-methyl-3,5-bis((E)-3-phenylallylidene)piperidine; UKMH-105, (3Z,5E)-3,5-bis(2,4-dichlorobenzylidene)-1-methylpiperidine; UKMH-106, (3Z,5Z)-3,5-bis(2, 4-dichlorobenzylidene)-1-methylpiperidine; UKMH-107, (3Z,5Z)-3,5-bis(4-methoxybenzylidene)-1-methylpiperidine; UKMH-108, (3Z,5Z)-1-methyl-3,5-bis(4-methylbenzylidene)-piperidine; UKMH-109, (3Z,5Z)-1-methyl-3,5-bis(thiophen-2-ylmethylene)piperidine; UKMH-110, (3Z,5Z)-1-methyl-3,5-bis(thiophen-3-ylmethylene)piperidine; UKMH-111, (3Z,5Z)-3,5-bis(furan-2-ylmethylene)-1-methylpiperidine; UKMH-112, (3Z,5Z)-3,5-bis(furan-3-ylmethylene)-1-methylpiperidine; VMAT2, vesicular monoamine transporter; TLC, thin layer chromatography; HPLC, high-performance liquid chromatography; EC, electrochemical detection. analogs of MTD, in which the phenylethylene substituents in the MTD structure were incorporated into the piperidine ring system (Fig. 2) . This structural change reduces the molecular weight and the number of rotational carbon bonds from four in MTD to two in the current analogs. Other changes included: 1) altering the geometry of the C5 double bond from E to Z; 2) lengthening the linker units at C3 and C5 of the piperidine ring; 3) adding aromatic substituents to the phenyl moieties; and 4) replacing the phenyl rings with heteroaromatic rings, such as thiophene or furan. Affinity for VMAT2 was retained despite these structural alterations, and importantly, selectivity for VMAT2 was improved. These novel analogs were evaluated further for their ability to inhibit methamphetamine-evoked DA release from superfused rat striatal slices and constitute new leads in the discovery of novel treatments for methamphetamine abuse.
and NaHCO 3 were purchased from Aldrich Chemical Co. (Milwaukee, WI). CaCl 2 , KCl, K 2 PO 4 , MgCl 2 , NaCl, and NaH 2 PO 4 were purchased from Fisher Scientific Co. (Pittsburgh, PA). Thiophene-2-carbaldehyde and thiophene-3-carbaldehyde were purchased from Acros Organics (Fairlawn, NJ). Preparative TLC plates (250 M silica layer, organic binder, no indicator) were purchased from Dynamic Adsorbents Inc. (Atlanta, GA). Chloroform-D was purchased from Cambridge Isotope Laboratories, Inc. (Andover, MA). Complete counting cocktail 3a70B was purchased from Research Products International Corp. (Mt. Prospect, IL). (2R,3S,11bS)-2-ethyl-3-isobutyl-9,10-dimethoxy-2,2,4,6,7,11b-hexahydro-1H-pyrido[2,1-a]isoquinolin-2-ol (Ro-4-1284) was a generous gift from Hoffman-LaRoche (Nutley, NJ). MTD was prepared as described by Zheng et al. (2005) and was used as HCl salt.
General Synthetic Methodology for the UKMH Analogs. A mixture of 1-methyl-4-piperidone (1.0 eq, 10.2 mmol), the appropriately substituted aromatic aldehyde (2.1 Eq, 21.42 mmol), and potassium hydroxide (2.1 Eq, 21.42 mmol) were stirred in methanol (20 ml) at ambient temperature for 4 h. The resulting yellow precipitate was collected by filtration and washed with cold methanol to yield the crude 3,5-disubstituted-1-methylpiperidin-4-one (9.17-9.83 mmol; 89.9 -96.4% yield). Without further purification, the crude 3,5-disubstituted-1-methylpiperidin-4-one product was added to a pre-equilibrated mixture of sodium borohydride (4 Eq) and trifluoroacetic acid (16 Eq) in a 1:1 mixture of dichloromethane and acetonitrile. The mixture was stirred at ambient temperature for 4 to 8 h until TLC and gas chromatography-mass spectroscopy analysis revealed that all of the starting material was consumed. The reaction mixture was then diluted with dichloromethane, and 2 M aqueous sodium hydroxide solution was added drop-wise with stirring to afford a pH of 10. The organic layer was then separated, dried over anhydrous sodium sulfate, and filtered, and the filtrate evaporated to dryness under vacuum. The reaction yielded a mixture of mainly the 3Z,5Z-and 3Z,5E-geometrical isomers of the 3,5-disubstituted-1-methylpiperidines, as well as other minor geometric double-bond combinations; both of these isomers could be separated by silica gel column chromatography or preparative TLC, using a 10:1 hexane/ethyl acetate solvent mixture. Using this general procedure, the UKMH series of analogs shown in Fig. 1 were prepared and fully characterized for structural identity and purity, as determined by TLC, gas chromatography-mass spectroscopy, and 1 H NMR and 13 C NMR analysis. All analogs were converted to HCl salt before analysis.
Methamphetamine Self-Administration. Behavioral experiments were conducted as described previously (Neugebauer et al., 2007) . Operant conditioning chambers (ENV-008; MED Associates, St. Albans, VT) were enclosed within sound-attenuating compartments (ENV-018M; MED Associates). Each chamber was connected to a personal computer interface (SG-502; MED Associates), and chambers were operated using MED-PC software. A 5 ϫ 4.2-cm recessed food tray was located on the response panel of each chamber. Two retractable response levers were mounted on either side of the recessed food tray (7.3 cm above the metal rod floor). A 28-V, 3-cm diameter, white cue light was mounted 6 cm above each response lever.
Rats were trained briefly to respond on a lever for food reinforcement. Immediately after food training, rats were allowed free access to food for 3 days. Rats were anesthetized (100 mg/kg ketamine and 5 mg/kg diazepam i.p.), and catheters were implanted into the right jugular vein, exiting through a dental acrylic head mount affixed to the skull via jeweler screws. Drug infusions were administered intravenously (0.1 ml over 5.9 s) via a syringe pump (PHM-100; MED Associates) through a water-tight swivel attached to a 10-ml syringe via catheter tubing, which was attached to the cannulae mounted to the head of the rat. After a 1-week recovery period from surgery, rats were trained to press one of two levers for an infusion of methamphetamine (0.05 mg/kg/infusion). Each infusion was followed by a 20-s timeout signaled by illumination of both lever lights. The response requirement was gradually increased to a terminal fixed ratio Incorporating the phenylethylene moiety of MTD into the piperdine ring of the analogs affords a novel more rigid molecule. For all analogs in the series, the phenylethylene substituents in the MTD structure (left) were incorporated into the piperidine ring system to afford analogs (right) with a similar number of carbons between the piperidine nitrogen and the phenyl rings. This structural change reduces the molecular weight and the number of rotational carbon bonds (curved arrows) from four in MTD to two in the MTD analogs, affording a novel, more conformationally restricted structure.
5 schedule of reinforcement. Each session was 60 min in duration. Training continued until responding stabilized across sessions. Stable responding was defined as less than 20% variability in the number of infusions earned across three successive sessions, a minimum of a 2:1 ratio of active (drug) lever responses to inactive (no drug) lever responses, and at least 10 infusions per session. Once stability was reached, an acute dose (0, 3.0, 5.6, 10, or 17 mg/kg) of MTD was administered (subcutaneously) 15 min before the session according to a within-subject Latin square design. Two maintenance sessions (i.e., no pretreatment) were included between each test session to ensure stable responding throughout the experiment.
Food-Maintained Responding. In brief, rats were trained to respond on one lever (active lever) for food pellet reinforcement (45-mg pellets; BIO-SERV, Frenchtown, NJ), while responses on the other lever (inactive lever) had no programmed consequence. Locations (left or right) of the active and inactive levers were counterbalanced across rats. The response requirement was gradually increased, terminating at fixed ratio 5. After lever training, a 20-s signaled timeout (illumination of both lever lights) was included after each pellet delivery. Timeout after each pellet delivery was instituted to be consistent with the methamphetamine self-administration procedure. Each food-reinforced session lasted 60 min. Training continued until responding stabilized across sessions. Stable responding was defined as less than 20% variability in the number of pellets earned across three successive sessions, and a minimum of a 2:1 ratio of active lever responses to inactive lever responses. After the stability criteria were reached, an acute dose of MTD (17 mg/kg) was administered (subcutaneously) 15 min before the 60-min session. Two maintenance sessions (i.e., no pretreatment) were included between test sessions to ensure stable responding throughout the experiment.
[ (Miller et al., 2004) . Whole brain, excluding cortex and cerebellum, was homogenized using a Tekmar polytron (Tekmar-Dohrmann, Mason, OH) in 20 volumes of ice-cold modified Krebs'-HEPES buffer containing 2 mM HEPES, 14.4 mM NaCl, 0.15 mM KCl, 0.2 mM CaCl 2 ⅐ ⅐ 2H 2 O, and 0.1 mM MgSO 4 ⅐ 7H 2 O, pH 7.5. Homogenates were centrifuged at 31,000g for 17 min at 4°C (Avanti J-301 centrifuge; Beckman Coulter, Fullerton, CA). Pellets were resuspended by sonication (Vibra Cell; Sonics and Materials Inc., Danbury, CT) in 20 volumes of Krebs'-HEPES buffer and incubated at 37°C for 10 min (Reciprocal Shaking Bath model 50; Precision Scientific, Chicago, IL). Suspensions were centrifuged using the above conditions. Resulting pellets were resuspended by sonication in 20 volumes buffer and centrifuged at 31,000g for 17 min at 4°C. Final pellets were stored in incubation buffer containing 40 mM HEPES, 288 mM NaCl, 3.0 mM KCl, 4.0 mM CaCl 2 ⅐ 2H 2 O, and 2.0 mM MgSO 4 ⅐ 7H 2 O, pH 7.5. Membrane suspensions (100 -140 g of protein/100 l) were added to duplicate wells containing 50 l of analog (7-9 concentrations, 1 nM-0.1 mM, final concentration), 50 l of buffer, and 50 l of [ ]5-HT uptake into rat striatal and hippocampal synaptosomes, respectively, was determined using modifications of a previously described method (Teng et al., 1997 ).
Brain regions were homogenized in 20 ml of ice-cold 0.32 M sucrose solution containing 5 mM NaHCO 3 , pH 7.4, with 16 up-and-down strokes of a Teflon pestle homogenizer (clearance ϳ 0.005 inch). Homogenates were centrifuged at 2000g for 10 min at 4°C, and resulting supernatants were centrifuged at 20,000g for 17 min at 4°C. Pellets were resuspended in 1.5 ml of Krebs' buffer, containing 125 mM NaCl, 5 mM KCl, 1.5 mM MgSO 4 , 1.25 mM CaCl 2 , 1.5 mM KH 2 PO 4 , 10 mM ␣-D-glucose, 25 mM HEPES, 0.1 mM EDTA, with 0.1 mM pargyline and 0.1 mM ascorbic acid saturated with 95% O 2 / 5% CO 2 , pH 7.4. Synaptosomal suspensions (20 g of protein/50 l) were added to duplicate tubes containing 50 l of analog (7-9 concentrations, 0.1 nM-1 mM, final concentration) and 350 l of buffer and incubated at 34°C for 5 min in a total volume of 450 l. Samples were placed on ice and 50 l of [ 3 H]DA or [ 3 H]5-HT (10 nM; final concentration) was added to each tube for a final volume of 500 l. Reactions proceeded for 10 min at 34°C and were terminated by the addition of 3 ml of ice-cold Krebs' buffer. Nonspecific [
3 H]DA and [ 3 H]5-HT uptake were determined in the presence of 10 M GBR 12909 and 10 M fluoxetine, respectively. Samples were rapidly filtered through Whatman GF/B filters using a cell harvester (MP-43RS; Brandel Inc., Gaithersburg, MD). Filters were washed three times with 4 ml of ice-cold Krebs' buffer containing catechol (1 M). Complete counting cocktail was added to the filters and radioactivity was determined by liquid scintillation spectrometry (B1600 TR scintillation counter; PerkinElmer Life and Analytical Sciences).
[ 3 H]DTBZ Vesicular Binding Assays. Analog-induced inhibition of [ 3 H]DTBZ binding, a high-affinity ligand for VMAT2, was determined using modifications of a previously published method (Teng et al., 1998) . Rat whole brain (excluding cerebellum) was homogenized in 20 ml of ice-cold 0.32 M sucrose solution with 10 up-and-down strokes of a Teflon pestle homogenizer (clearance ϳ 0.008 inch). Homogenates were centrifuged at 1000g for 12 min at 4°C, and the resulting supernatants were centrifuged at 22,000g for 10 min at 4°C. Resulting pellets were osmotically shocked by incubation in 18 ml of cold water for 5 min. Osmolarity was restored by adding 2 ml of 25 mM HEPES and 100 mM potassium tartrate solution. Samples were centrifuged (20,000g for 20 min at 4°C), and then 1 mM MgSO 4 solution was added to the supernatants. Samples were centrifuged at 100,000g for 45 min at 4°C. Pellets were resuspended in cold assay buffer, containing 25 mM HEPES, 100 mM potassium tartrate, 5 mM MgSO 4 , 0.1 mM EDTA, and 0.05 mM EGTA, pH 7.5. Assays were performed in duplicate in 96-well plates. Vesicular suspensions (15 g of protein/100 l) were added to wells containing 50 l of analog (7-9 concentrations, 0.01 nM-0.1 mM, final concentration), 50 l of buffer, and 50 l of [ 3 H]DTBZ (3 nM; final concentration) for a final volume of 250 l and incubated for 1 h at room temperature. Nonspecific uptake was determined in the presence of 50 l of 20 M Ro-4-1284. Reactions were terminated by filtration onto Unifilter-96 GF/B filter plates (presoaked in 0.5% PEI). Filters were washed three times with 350 l of ice-cold buffer containing 25 mM HEPES, 100 mM potassium-tartrate, 5 mM MgSO 4 , and 10 mM NaCl, pH 7.5. Filter plates were dried and bottom-sealed and each well was filled with 40 l of scintillation cocktail (MicroScint 20; PerkinElmer Life and Analytical Sciences). Radioactivity on the filters was determined by liquid scintillation spectrometry.
Vesicular [
with five up-and-down strokes. Homogenates were transferred to tubes containing 900 l of 0.25 M HEPES and 900 l of 1.0 M potassium tartrate solution and centrifuged at 20,000g for 20 min at 4°C. The resulting supernatants were centrifuged at 55,000g for 60 min at 4°C. Subsequently, 100 l of 1 mM MgSO 4 , 100 l of 0.25 M HEPES, and 100 l of 1.0 M potassium tartrate were added to the supernatant and centrifuged at 100,000g for 45 min at 4°C. Final pellets were resuspended in assay buffer containing 25 mM HEPES, 100 mM potassium tartrate, 50 M EGTA, 100 M EDTA, 1.7 mM ascorbic acid, and 2 mM ATP-Mg 2ϩ , pH 7.4. Vesicular suspensions (10 g of protein/100 l) were added to duplicate tubes containing 50 l of analog (7-9 concentrations, 1 nM-0.1 mM, final concentration), 300 l of buffer, and 50 l of [ 3 H]DA (0.1 M; final concentration) for a final volume of 500 l and incubated for 8 min at 34°C. Nonspecific [ 3 H]DA uptake was determined in the presence of 10 M Ro-4-1284. Samples were filtered rapidly through Whatman GF/B filters using the cell harvester and washed three times with assay buffer containing 2 mM MgSO 4 in the absence of ATP. Radioactivity retained by the filters was determined as described previously.
Kinetics of Vesicular [ 3 H]DA Uptake. Vesicle suspensions were prepared as described above; striata were pooled from two rats. Vesicular suspensions (20 g of protein/50 l) were added to duplicate tubes containing 25 l of analog (final concentration approximating the K i ), 150 l of buffer, and 25 l of [
3 H]DA (1 nM-5 M; final concentration) for a final volume of 250 l and incubated for 8 min at 34°C. Nonspecific [ 3 H]DA uptake was determined in samples containing 10 M Ro-4-1284. Samples were processed as described previously.
Endogenous DA Release Assay. Rat coronal striatal slices (0.5 mm thick) were prepared and incubated in Krebs' buffer containing 118 mM NaCl, 4.7 mM KCl, 1.2 mM MgCl 2 , 1.0 mM NaH 2 PO 4 , 1.3 mM CaCl 2 , 11.1 mM ␣-D-glucose, 25 mM NaHCO 3 , 0.11 mM L-ascorbic acid, and 0.004 mM EDTA, pH 7.4, saturated with 95% O 2 /5% CO 2 at 34°C in a metabolic shaker for 60 min (Teng et al., 1997) . Each slice was transferred to a glass superfusion chamber and superfused at 1 ml/min for 60 min with Krebs' buffer before sample collection. Two basal samples (1 ml) were collected at 5-and 10-min time points. Each slice was superfused for 30 min in the absence or presence of a single concentration of analog (0.1-10 M) to determine analog-evoked DA and DOPAC overflow and remained in the buffer until the end of the experiment. Methamphetamine (5 M) was added to the buffer after 30 min of superfusion, and slices were superfused for 15 min, followed by 20 min of superfusion in the absence of methamphetamine. In each experiment, a striatal slice was superfused for 90 min in the absence of both analog and methamphetamine, serving as the buffer control condition. In each experiment, duplicate slices were superfused with methamphetamine in the absence of analog, serving as the methamphetamine control condition. The concentration of methamphetamine was selected based on pilot concentration-response data showing a reliable response of sufficient magnitude to allow evaluation of analog-induced inhibition. Each superfusate sample (1 ml) was collected into tubes containing 100 l of 0.1 M perchloric acid. Before HPLC-EC analysis, ascorbate oxidase (20 l, 168 U/mg reconstituted to 81 U/ml) was added to 500 l of each sample and vortexed for 30 s, and 100 l of the resulting solution was injected onto the HPLC-EC.
HPLC-EC consisted of a pump (model 126; Beckman Coulter) and autosampler (model 508; Beckman Coulter), an ODS Ultrasphere C18 reverse-phase 80 ϫ 4.6 mm, 3-m column, and a Coulometric-II detector with guard cell (model 5020) maintained at ϩ 0.60 V and analytical cell (model 5011) maintained at potentials E1 ϭ Ϫ0.05 V and E2 ϭ ϩ0.32 V (ESA Inc., Chelmsford, MA). HPLC mobile phase (flow rate, 1.5 ml/min) was 0.07 M citrate/0.1 M acetate buffer, pH 4, containing 175 mg/l octylsulfonic acid sodium salt, 650 mg/l NaCl. and 7% methanol. Separations were performed at room temperature, and 5 to 6 min was required to process each sample. Retention times of DA or DOPAC standards were used to identify respective peaks. Peak heights were used to quantify the detected amounts of analyte based on standard curves. Detection limit for DA and DOPAC was 1 to 2 pg/100 l.
Data Analysis. For the behavioral experiments, one-way ANOVA with dose as a within-subject factor was used to determine whether MTD altered methamphetamine self-administration. Dunnett's post hoc test were used to compare each MTD dose to the saline control. A single paired-sample t test was used to determine the effects of MTD on food-maintained behavior.
For ]5-HT uptake were determined by subtracting the nonspecific binding or uptake from the total binding or uptake. Analog concentrations producing 50% inhibition of specific binding or uptake (IC 50 values) were determined from concentration effect curves via an iterative curve-fitting program (Prism 5.0; GraphPad Software Inc., San Diego, CA). Inhibition constants (K i values) were determined using the Cheng-Prusoff equation (Cheng and Prusoff, 1973) . For kinetic analyses, K m and V max were determined using one-site binding curves. Paired two-tailed t tests were performed on the arithmetic V max and the log K m values to determine significant differences between analog and control conditions. Pearson's correlation analysis determined the relationship between affinity for the [ For endogenous neurotransmitter release assays, fractional release was defined as the DA or DOPAC concentration in each sample divided by the slice weight. Basal DA or DOPAC outflow was calculated as the average fractional release of the two basal samples collected 10 min before addition of analog to the buffer. Analog-evoked DA or DOPAC overflow was calculated as the average fractional release during the 
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30-min period of analog exposure before methamphetamine addition to the buffer. Analog-evoked DA or DOPAC overflow was analyzed by one-way repeated-measures ANOVA. Time course for analog-induced inhibition of methamphetamine-evoked fractional DA or DOPAC release was analyzed by two-way ANOVA with concentration and time as repeated-measures factors. If a concentration ϫ time interaction was found, one-way ANOVAs were performed at each time point at which methamphetamine-evoked DA release above basal outflow. When appropriate, one-way ANOVAs were followed by Dunnett's post hoc test to determine concentrations of analog that decreased methamphetamineevoked DA fractional release. Furthermore, one-way ANOVA was performed on the peak response of methamphetamine-evoked fractional release at each analog concentration. The log IC 50 value was generated using an iterative nonlinear least-squares curve-fitting program (Prism version 5.0). Statistical significance was defined as p Ͻ 0.05.
Results

MTD Decreases Methamphetamine Self-Administration Without Altering Food-Maintained Responding.
The effect of MTD on methamphetamine self-administration is illustrated in Fig. 3 , top. One-way ANOVA revealed a doserelated effect of MTD on the number of methamphetamine infusions earned (F 4,16 ϭ 4.86; p Ͻ 0.01). Dunnett's test revealed that the high dose of MTD (17 mg/kg) decreased the number of methamphetamine infusions earned compared with control. Tolerance developed to the ability of MTD to decrease methamphetamine self-administration on the second day of treatment (data not shown). The effect of the acute high dose of MTD (17 mg/kg) on food-maintained responding is illustrated in Fig. 3 , bottom. MTD did not decrease responding for food (p ϭ 0.414). Thus, the high dose of MTD specifically decreased methamphetamine self-administration; however, tolerance developed to this effect. Fig. 4 (Reith et al., 1994) . The K i value for lobeline to inhibit [ 3 H]DA uptake was 28.2 M, whereas the defunctionalized unsaturated compound MTD exhibited a 200-fold higher potency (K i ϭ 100 nM) compared with lobeline, in agreement with previous observations (Miller et al., 2004) . MTD analogs in the current series exhibited 50-to 1000-fold lower potency (K i Ͼ 5 M) than MTD at DAT. It is noteworthy that the 2,4-dichlorophenyl analogs, (3Z,5E)-3,5-bis(2,4-dichlorobenzylidene)-1-methylpiperidine (UKMH-105) and (3Z,5Z)-3,5-bis(2,4-dichlorobenzylidene)-1-methylpiperidine (UKMH-106), exhibited 60-fold lower potency (K i ϭ 6.27 and 6.90 M, respectively) than MTD. Thus, this series of MTD analogs exhibited lower affinities for DAT compared with the parent compound. H͔Nicotine Binding (Cesura et al., 1990) . The K i value for lobeline to inhibit [ 3 H]DTBZ binding was 2.04 M, whereas MTD exhibited a 5-fold lower potency (K i ϭ 9.88 nM) compared with lobeline, consistent with previous observations (Zheng et al., 2005) . The majority of analogs in the series were equipotent inhibiting [ (Table 1 ). An exception was (3Z,5Z)-1-methyl-3,5-bis(thiophen-2-ylmethylene)piperidine (UKMH-109) (2-thiophenyl analog), which exhibited 10-fold lower potency at the . A main effect of time was found (F 4,43 ϭ 6.78, p Ͻ 0.05), revealing that fractional release increased slightly across the 20-min exposure period in both the absence and presence of UKMH-106. Both UKMH-105 and UKMH-106 also had no effect on DOPAC fractional release across this time period (data not shown).
MTD Analogs Do Not
The ability of UKMH-105 and UKMH-106 to decrease methamphetamine-evoked DA release is illustrated in Figs. 10 and 11. A two-way repeated measures ANOVA on fractional DA release during exposure to UKMH-105 and methamphetamine revealed no main effect of concentration (F 5,29 ϭ 0.65; p Ͼ 0.05) and no concentration ϫ time interaction (F 25,29 ϭ 0.45; p Ͼ 0.05); however, a main effect of time (F 5,29 ϭ 15.4, p Ͻ 0.0001) was observed, which reflects the increase in fractional release evoked by methamphetamine in the absence and presence of UKMH-105. Similarly, only a main effect of time was found for DOPAC superfusate concentrations; although in the absence and presence of UKMH-105, DOPAC fractional release was decreased in response to methamphetamine (data not shown). Thus, UKMH-105 did not alter the effect of methamphetamine on DA or DOPAC fractional release.
In a concentration-dependent manner, UKMH-106 decreased DA release evoked by methamphetamine (Fig. 11) . Two-way repeated-measures ANOVA on fractional DA release during exposure to UKMH-106 and methamphetamine revealed a main effect of concentration (F 4,43 ϭ 7.61; p Ͻ 0.0001) and time (F 5,43 ϭ 23.0; p Ͻ 0.0001) and a concentration ϫ time interaction (F 20,43 ϭ 1.68; p Ͻ 0.05). Post hoc analysis revealed that UKMH-106 (1.0 and 3.0 M) decreased methamphetamineevoked DA release compared with control at 50 to 55 min and 50 to 60 min, respectively. The concentration response for UKMH-106 to inhibit methamphetamine-evoked DA release at peak response is illustrated in Fig. 11 . IC 50 and I max values were 0.38 Ϯ 0.13 M and 50.2 Ϯ 15.5%, respectively. One-way ANOVA on peak response data revealed a concentration-dependent effect of UKMH-106 (F 4,43 ϭ 3.11; p Ͻ 0.05). Post hoc analysis revealed that 3 M UKMH-106 inhibited the DA peak response. In contrast to the ability of UKMH-106 to decrease methamphetamine-evoked fractional DA release, fractional DOPAC release was not altered (data not shown).
Discussion
In the current study, MTD was shown to decrease methamphetamine self-administration specifically, but only at the highest dose evaluated, and tolerance developed rapidly to this effect. Taking into account this encouraging finding, but tempered by the limitations associated with the development of tolerance, modifications to the MTD molecule were evaluated in search of preclinical candidates for the treatment of methamphetamine abuse. SAR identified several conformationally restricted MTD analogs with high affinity and selectivity for VMAT2. Structural modifications included lengthening the linker units, introduction of 4-methoxy, 4-methyl, or 2,4-dichloro substituents into the phenyl rings, or replacement of the phenyl rings with thiophene or furan rings. Effects of altering the geometry of the double bond at the C5-position of the piperidine ring were evaluated in analogs with either a lengthened linker unit or an aromatic 2,4-dichloro substituted phenyl ring. Affinity for VMAT2 was retained, and increases in selectivity for VMAT2 over DAT were found. The most selective analogs inhibited methamphetamine-evoked DA release in a geometrically specific manner.
Conformational restriction in combination with both E and Z geometries at the C5 position of the piperidine ring [UKMH-101 and (3Z,5Z)-3,5-dibenzylidene-1-methylpiperidine (UKMH-102), respectively] did not alter affinity for VMAT2 binding and uptake sites. Lengthening the linker units, regardless of E or Z geometry [(3Z,5E)-1-methyl-3,5-bis((E)-3-phenylallylidene)piperidine (UKMH-103) and (3Z, 5Z)-1-methyl-3,5-bis((E)-3-phenylallylidene)piperidine (UKMH-104), respectively], or adding aromatic 4-methoxy or 4-methyl substituents (UKMH-107 and UKMH-108, respectively), did not alter VMAT2 binding and function. Adding aromatic electron-withdrawing 2,4-dichloro groups in combination with E or Z geometries at the C5-postion on the piperidine ring (UKMH-105 and UKMH-106, respectively) afforded equipotent inhibition of uptake compared with MTD. In kinetic analyses, UKMH-105 and UKMH-106 increased K m and did not alter V max , indicating competitive inhibition of DA uptake. Although no differences in affinity for VMAT2 uptake sites were observed, geometrically specific inhibition of [ 3 H]DTBZ binding was observed. Specifically, UKMH-106 (3Z,5Z geometry) had 10-fold lower affinity than UKMH-105 (3Z,5E geometry) at the [ 3 H]DTBZ binding site. In contrast, double-bond geometry was not a contributing factor to affinity for VMAT2 binding or uptake in analogs (UKMH-101 and UKMH-102) with no phenyl ring substituents or analogs (UKMH-103 and UKMH-104) with lengthened linker units and no phenyl ring substituents. Although E geometry was better tolerated than Z geometry at the VMAT2 binding site, double-bond geometry was not a factor for affinity at the VMAT2 uptake site.
Substitution of the phenyl rings with thiophene or furan moieties afforded analogs with equipotent or 10-fold lower affinity for VMAT2 binding and uptake sites, compared with MTD. Substitution position on the heteroaromatic ring was a factor influencing affinity. Specifically, 3-substituted analogs were equipotent at VMAT2 binding and uptake sites compared with MTD, whereas 2-substituted analogs exhibited 10-fold lower potency. These results suggest that VMAT2 can accommodate analogs in which furanyl and thiophenyl rings have been substituted for phenyl rings, with the 3-positional isomer better tolerated than the 2-positional isomer.
The current results provide examples of structural modifications that dissociate affinity for the VMAT2 binding site from that for the VMAT2 substrate site and support previous observations showing a lack of correlation between affinities for these sites (Nickell et al., 2010b) . The best examples from the current series of analogs are the 2,4-dichlorophenyl analogs (UKMH-105 and UKMH-106), which were equipotent at the VMAT2 uptake site, yet exhibited a 10-fold difference in affinity at the VMAT2 binding site. Thus, these findings support an interaction at two alternate sites on VMAT2 associated with distinct pharmacophores.
One goal of this study was to discover MTD analogs with greater selectivity for VMAT2 over DAT. MTD had low affin- Fig. 11 . In a concentration-dependent manner, UKMH-106 inhibits methamphetamine-evoked DA release in striatal slices. Top, fractional DA release represents the amount of DA in each 5-min sample. Slices were superfused with UKMH-106 after 10-min collection of basal samples, as indicated by the arrow, and analog remained in the buffer until the end of the experiment. Methamphetamine (METH; 5 M) was added to the buffer for 15 min as indicated by the horizontal bar. Bottom, concentration-response curve was derived from peak response data for each concentration of UKMH-106. Fractional release and peak response data are expressed as mean Ϯ S.E.M. pg/ml/mg of the slice weight. For fractional release, ‫,ء‬ p Ͻ 0.05 different from methamphetamine alone. For peak response, ‫,ء‬ p Ͻ 0.05 different from peak response of methamphetamine alone (CON). n ϭ 8 rats.
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at ASPET Journals on October 26, 2017 jpet.aspetjournals.org ity (K i Ͼ100 M) at ␣4␤2* and ␣7* nAChRs and inhibited DA uptake by DAT (K i ϭ 500 nM) and 5-HT uptake by SERT (K i ϭ 8.9 M) (Miller et al., 2004) . Psychostimulant-induced inhibition of DAT function resulted in increases in extracellular DA, leading to reward and abuse (Ritz et al., 1987; Williams and Galli, 2006) . Affinity of MTD for DAT (K i ϭ 100 nM; current study) is similar to that for cocaine and methylphenidate (K i ϭ 300 and 100 nM, respectively) (Han and Gu, 2006) , suggesting that MTD may have abuse liability. Reducing affinity for DAT is imperative to avoiding abuse liability. Analogs in the current series had reduced affinity (50-to 1000-fold) at DAT compared with MTD. Substitution of the phenyl rings with 3-thiophenyl and 3-furanyl rings resulted in the greatest decreases in DAT affinity. Thus, the current analogs have increased selectivity for VMAT2 over DAT, compared with MTD, and would be predicted to have reduced abuse liability.
Because MTD had moderate affinity for SERT (Miller et al., 2004) , affinity of the MTD analogs for SERT also was evaluated. Introduction of aromatic 4-methoxy or 4-methyl substituents into the phenyl rings of MTD resulted in a 5-to 10-fold increased affinity for SERT compared with MTD. The remaining structural changes to MTD did not alter affinity at SERT compared with MTD.
Because the 2,4-dichlorophenyl analogs, UKMH-105 and UKMH-106, exhibited high affinity and selectivity for inhibiting VMAT2 function, these compounds were evaluated for their ability to decrease methamphetamine-evoked DA release. Alone these analogs did not evoke DA release. UKMH-106, but not UKMH-105, inhibited methamphetamineevoked DA release. Inhibition of DA uptake by the analogs at the VMAT2 substrate site does not explain the C5 Z-selective inhibition of the effect of methamphetamine on VMAT2. UKMH-105 and UKMH-106 equipotently inhibited DA uptake by VMAT2, but exhibited C5 Z-selective inhibition of methamphetamine-evoked DA release, suggesting that these two geometrical isomers interact with different sites on VMAT2 to inhibit DA uptake and methamphetamine-evoked DA release. Only, the Z double-bond geometry at the C5 position of the piperidine ring (UKMH-106) was tolerated by the DA release site, whereas the DA uptake site also tolerated the C5 E geometry (UKMH-105). Thus, the VMAT2 site mediating methamphetamine-evoked DA release is restricted in its ability to accommodate both geometrical isomers compared with the VMAT2 uptake site.
Although the mechanism by which methamphetamine releases DA from synaptic vesicles is not understood fully, potential mechanisms include weak base effects of methamphetamine, which disrupt vesicular proton gradients and methamphetamine effects at the VMAT2 substrate site (Sulzer et al., 2005) . Although having different double-bond geometries, UKMH-105 and UKMH-106 are expected to have comparable pK a values, inconsistent with the weak base hypothesis as an explanation for differential effects in decreasing methamphetamine-evoked DA release. However, current observations are consistent with previous reports showing differential effects of the amphetamine optical isomers (Arnold et al., 1977; Fischer and Cho, 1979) , despite having identical pK a values, which again does not support the weak base hypothesis (Sulzer et al., 2005) . Thus, UKMH-106 may inhibit methamphetamine-evoked DA release through an interaction with VMAT2 and not via a weak-base mechanism.
One caveat of the current study is that inhibitory effects of the analogs on DA uptake and methamphetamine-evoked DA release were evaluated using different preparations (i.e., isolated vesicles and more intact slices, respectively). One alternative explanation is that the analogs may inhibit methamphetamine-evoked DA release by interacting with DAT in the slice. Cytosolic DA is transported to the extracellular compartment through a methamphetamine-induced reversal of DAT (Fischer and Cho, 1979) . However, UKMH-106 inhibited methamphetamine-evoked DA release 18-fold more potently than inhibition of DAT function, making it unlikely that inhibition of DAT is responsible for the decrease in methamphetamine-evoked DA release. If inhibition of DAT was responsible, then both UKMH-105 and UKMH-106 would be expected to decrease methamphetamine-evoked DA release, because they are equipotent inhibiting DAT.
A concern regarding the approach of developing VMAT2 inhibitors as treatments for methamphetamine abuse is the potential for neurotoxicity, because increased cytosolic DA levels can lead to oxidative stress. Methamphetamine inhibits DA uptake at VMAT2, promotes DA release from vesicles, inhibits monoamine oxidase, and produces DA deficits caused by increased formation of reactive oxygen species (Fleckenstein et al., 2007) . To the contrary, lobeline protects against methamphetamine-induced neurotoxicity (Eyerman and Yamamoto, 2005) . Furthermore, methamphetamine-addicted individuals given lobeline in phase I clinical trials exhibited no adverse effects (http://www.clinicaltrials.gov/ ct2/show/NCT00439504?termϭNCT00439504&rankϭ1), and tetrabenazine (a classic VMAT2 inhibitor) is approved by the Food and Drug Administration for the treatment of Huntington's chorea (Frank, 2010) . Thus, precedent for the clinical use of VMAT2 inhibitors exists. Nevertheless, evaluation of the potential neurotoxicity of these analogs using animal models will be an integral component of the drug development process for these candidate treatments for methamphetamine abuse.
In summary, the current results extend our previous research by showing that MTD decreases methamphetamine self-administration without altering food-maintained responding, demonstrating that inhibition of VMAT2 function translates to a promising behavioral result. However, MTD has relatively low water solubility and diminishing drug likeness and has high affinity (100 nM) for DAT, which may result in abuse liability. Current results show that incorporation of the phenylethylene moiety of MTD into the piperidine ring system, and the addition of aromatic dichloro substituents, results in a novel candidate compound, UKMH-106, which has improved water solubility and reduced affinity for DAT, SERT, and nAChRs, thereby increasing selectivity for VMAT2. Moreover UKMH-106 decreased the effect of methamphetamine to evoke DA release. Thus, the current research using a classic pharmacological approach has identified a novel lead compound that shows promise as a pharmacotherapy to treat methamphetamine abuse, a devastating problem for which there are no available treatments.
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